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ABSTRACT
The rapidly variable, very high-energy (VHE) gamma-ray emission from Active Galactic Nuclei (AGN) has been
frequently associated with non-thermal processes occurring in the magnetospheres of their supermassive black holes.
The present work aims to explore the adequacy of different gap-type (unscreened electric field) models to account for
the observed characteristics. Based on a phenomenological description of the gap potential, we estimate the maximum
extractable gap power Lgap for different magnetospheric set-ups, and study its dependence on the accretion state
of the source. Lgap is found to be in general proportional to the Blandford-Znajek jet power LBZ and a sensitive
function of gap size h, i.e. Lgap ∼ LBZ(h/rg)β , where the power index β ≥ 1 is dependent on the respective gap-
setup. The transparency of the black hole vicinity to VHE photons generally requires a radiatively inefficient accretion
environment and thereby imposes constraints on possible accretion rates, and correspondingly on LBZ . Similarly, rapid
variability, if observed, may allow to constrain the gap size h ∼ c∆t. Combining these constraints, we provide a general
classification to assess the likelihood that the VHE gamma-ray emission observed from an AGN can be attributed to
a magnetospheric origin. When applied to prominent candidate sources these considerations suggest that the variable
(day-scale) VHE activity seen in the radio galaxy M87 could be compatible with a magnetospheric origin, while such
an origin appears less likely for the (minute-scale) VHE activity in IC310.
Keywords: black holes — acceleration of particles — galaxies: individual (M87, IC310) — gamma
rays: galaxies
Corresponding author: Grigorios Katsoulakos
gkats@mpi-hd.mpg.de, Frank.Rieger@mpi-hd.mpg.de
ar
X
iv
:1
71
2.
04
20
3v
1 
 [a
str
o-
ph
.H
E]
  1
2 D
ec
 20
17
21. INTRODUCTION
Non-thermal magnetospheric processes in the vicinity
of supermassive black holes (BH) have been considered
to provide a promising explanatory framework for the
origin of ultra-high energy cosmic rays (UHECRs) and
the rapidly variable very high energy (VHE; > 100 GeV)
gamma-ray emission in AGN (e.g., see Rieger 2011, for
review and references).
Accretion processes in AGN could support magnetic
field strengths up to B ∼ 105 Gauss on black hole
horizon-scales rH . A black hole embedded in such
a magnetic field and rotating with angular frequency
ΩH = asc/2rH , where as is the dimensionless black hole
spin parameter, will induce an electric field of magni-
tude E ∼ (vrot/c) × B ∼ (ΩHrH/c) B ∼ (as/2) B cor-
responding to a permanent voltage drop across the hori-
zon of magnitude ∆Vgap ∼ E rH ∼ (as/2)rHB. This
provides for the general possibility of particle accelera-
tion and an efficient electromagnetic (Poynting flux) ex-
traction of rotational energy from the black hole (e.g.,
Thorne et al. 1986; Beskin & Kuznetsova 2000).
It has been proposed that the presence of strong elec-
tric fields close to the supermassive black holes in AGN
could also facilitate the acceleration of cosmic rays to
UHE energies of ∼ 1020 eV, perhaps even after their
main nuclear activity has ceased and the sources became
quiescent (”dormant AGN”) (e.g., Boldt & Ghosh 1999;
Boldt & Loewenstein 2000; Aharonian et al. 2002; Levin-
son & Boldt 2002; Neronov et al. 2009; Kalashev et al.
2012; Moncada et al. 2017). Proposals of this sort gen-
erally require that the electric field is not significantly
shortened out (i.e., that a ”vacuum gap” exists) and that
curvature losses do not introduce a strong suppression
(cf. Pedaletti et al. 2011). Similarly, direct electric accel-
eration of electrons could lead to curvature and inverse
Compton emission in the VHE domain, and potentially
trigger a pair cascade that could short out the electric
field and lead to vacuum breakdown (Levinson 2000).
Magnetospheric gamma-ray emission has recently re-
ceived a particular impetus in the context of the rapidly
variable VHE emission detected from misaligned AGN,
most prominently from the radio galaxies M87 (d ' 16
Mpc) and IC310 (d ∼ 80 Mpc) (e.g., Neronov & Aha-
ronian 2007; Vincent 2010; Levinson & Rieger 2011;
Aleksic´ et al. 2014a; Broderick & Tchekhovskoy 2015;
Ptitsyna & Neronov 2016; Hirotani & Pu 2016; Hirotani
et al. 2016). This goes along with the recognition that
rg/c, where rg = rs/2 = GMBH/c
2 is the gravitational
radius of the black hole, provides a characteristic vari-
ability timescale of the emission in the frame of the
galaxy, and that specific set-ups are needed to tap suf-
ficient power on significantly shorter time scales (e.g.,
Barkov et al. 2010; Giannios et al. 2010; Aharonian et
al. 2017). The day-scale VHE activity in M87 (e.g.,
Aharonian et al. 2006; Albert et al. 2008; Acciari et al.
2009) and the minute-scale one in IC310 (Aleksic´ et al.
2014a) correspond to scales of about 4 rg/c and 0.2 rg/c,
respectively. The VHE variability thus provides clear
evidence for a compact emission zone, and this usually
tends to be associated with smaller distance scales, i.e.
a location closer to the black hole. Nevertheless, this
does not necessarily have to be the case. In fact, the
moderate angular resolution of VHE gamma-ray instru-
ments (∼ 0.1◦ does not allow to spatially resolve such
scales, and this introduces some uncertainties. The situ-
ation can however be improved significantly by combin-
ing VHE with high-resolution radio observations capable
of probing scales down to several tens of rg. In the case
of M87 rapid VHE activity seems to precede the ejection
of a radio-emitting component close to the black hole,
suggesting that (at least sometimes) the VHE emission
originates in the vicinity of its black hole (Acciari et al.
2009).
Misaligned AGN, with jets inclined such that Doppler
factors are modest (D . a few), belong to the most
promising source class in this regard, as possible Doppler
modifications of observed timescales are reduced and the
non-thermal jet radiation does not necessarily overpower
the non-boosted magnetospheric emission (cf. Rieger
2017). The observation of rapid variability on the other
hand, imposes important constraints on possible gap
sizes and extractable powers, and offers critical informa-
tion as to the plausibility of relating the emission to a
magnetospheric origin in a particular source. This is ob-
viously of relevance for assessing the potential of differ-
ent candidate sources. As we will show later on (Sec. 2),
however, different realisations of the gap potential are in
principle conceivable. While this complicates the picture
somewhat, observations can allow to favour/disfavour
some of them, thereby offering additional clues on e.g. a
possible disk-BH-jet connection. Pair cascade processes
in the black hole magnetosphere could possibly provide
the plasma source required to ensure a force-free MHD
outflow in a Blandford-Znajek type set-up (Blandford &
Znajek 1977; Levinson & Rieger 2011). This in princi-
ple allows to link magnetospheric processes to accretion
and jet formation, and makes magnetospheric studies of
general relevance for jet investigations, and vice versa.
This paper is structured as follows. In Sec. 2 basic
features of the black hole environment are presented,
the gap potential is evaluated for different assumptions
and the respective acceleration and radiative processes
are analysed. This is then used to derive a constraint on
the maximum possible gap power as a function of gap
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height. Application to the well-known VHE emitters
M87 and IC310 is discussed in Sec. 3. The conclusions
are shortly summarized in Sec. 4.
2. MAGNETOSPHERIC EMISSION
Magnetospheric emission models usually rely on ef-
ficient ”gap-type” particle acceleration (but see, e.g.,
Rieger & Aharonian 2008; Osmanov et al. 2017, for
exemptions). According to Ohm’s law, J = σ(E +
V/c × B), the deficiency of electric charges (i.e., low
conductivity σ) within the black hole magnetosphere
can directly lead to the formation of (non-degenerate)
regions with an unscreened parallel electric field com-
ponent, i.e. E · B 6= 0. Thus, magnetospheric parti-
cles moving along the magnetic fields into such charge-
empty (”gap”) regions can be strongly accelerated to
high energies by these parallel electric field components.
Gaps can in principle occur under several conditions.
Extended gaps (with sizes h ≥ rg), for example, are
known for the vacuum black hole magnetosphere (Wald
1974). Thinner gaps (with sizes h < rg) can how-
ever exist as well and might also be expected in the
context of degenerate, force-free outflows (i.e., in ideal
MHD). As an example, we mention the null surface (lo-
cated close to rg) formed due to the frame-dragging ef-
fect (Beskin et al. 1992; Hirotani & Okamoto 1998) and
the stagnation surface (typically located at a few rg)
which divides MHD inflow from outflow regions (e.g.,
Globus & Levinson 2014; Broderick & Tchekhovskoy
2015). In these places, continuous charge replenishment
(by particle creation or diffusion) has to occur in order
to sustain the required Goldreich-Julian charge density
ρGJ = −e nGJ ' −ΩFB⊥/(2pic).
Throughout this paper, we do not consider a specific gap
position, but adopt a more phenomenological descrip-
tion. We assume that primary particles can be injected
into the magnetosphere by processes in the accretion en-
vironment (e.g., via annihilation of MeV photons emit-
ted by a hot accretion flow). As has been shown else-
where, the injected seed particle density is not sufficient
for complete screening (n± < nGJ) below a certain ac-
cretion rate M˙ (Levinson & Rieger 2011). This implies
that gaps can appear if the accretion flow is advection-
dominated (ADAF).
2.1. The black hole vicinity
We consider a rotating black hole of spin parameter
as ' 1 and mass MBH = M9 × 109M onto which gas
accretion occurs. The central black hole is fed by the
accretion flow at a rate M˙ = m˙M˙Edd expressed in Ed-
dington units, where M˙Edd = LEdd/ηcc
2 ≈ 1.4×1027M9
g s−1, LEdd = 1.3 × 1047M9 erg s−1 is the fiducial Ed-
dington luminosity and ηc ∼ 0.1 the canonical conver-
sion efficiency. This corresponds to a reference limit on
the accretion luminosity Ldisk = ηcM˙c
2 = m˙LEdd that
is comparable to the one for a steady, standard (geo-
metrically thin, optically thick) disk. As shown later on,
however, a radiately inefficient accretion flow is a pre-
requisite for the escape and thus observability of mag-
netospheric VHE gamma-rays. For an optically-thin
advection-dominated accretion flow (ADAF) in which
most of the viscously dissipated energy is advected with
the flow, cooling is almost inefficient, resulting in a much
reduced luminosity LADAF /Ldisk ∝ m˙  1. ADAFs
can only exists below a critical accretion rate, usually
requiring m˙c ' 0.4α2v . 0.015 (with αv . 0.2) (Mahade-
van 1997; Narayan et al. 1998), though more restrictive
conditions (m˙c ∼ 0.003) have been reported as well (e.g.
Beckert & Duschl 2002; Yuan & Narayan 2014).
We can approximate the characteristic disk magnetic
field strength by assuming that the equipartition mag-
netic pressure is half the gas pressure, viz., B2/8pi =
0.5ρic
2
s where cs ' c (rs/r)1/2/
√
3 is the sound speed.
Though current simulations indicate some deviation
from equipartition (βADAF > 0.5, cf. Yuan & Narayan
2014), this will provide a useful upper limit. With
4pir2ρivr = M˙ and radial inflow speed vr ' 0.5αvvf =
(1/
√
8)αv(rs/r)
1/2c, where αv is the viscosity coeffi-
cient, the disk magnetic field becomes Bd ' 2.1 ×
104α
−1/2
v M
−1/2
9 m˙
1/2(rs/r)
5/4 G, which agrees well with
previously reported ADAF results (e.g., Mahadevan
1997; Narayan et al. 1998; Yi 1999). Evaluating at
characteristic radius r = 1.5rg (Meier 2001) and using
αv = 0.1 as reference value (e.g., King et al. 2007; Yuan
& Narayan 2014), the inner disk field could thus reach
strengths of
Bd ≈ 105m˙1/2M−1/29 G. (1)
Given that for ADAFs the disk scale height is about
H ∼ r, the strength of the poloidal magnetic field
threading the black hole B ' Bd× (H/r)n, n ∼ 1 (Livio
et al. 1999; Meier 2001), is expected to be compara-
ble in magnitude. In fact, taking the field-enhancing
shear in the Kerr metric into account, the field thread-
ing the black hole may be a factor of about 2.3 larger
(Meier 2001), i.e. Bd,h ' 2.3Bd, which would bring
it close to the value inferred from GRMHD jet simula-
tions in the context of magnetically arrested disks (e.g.,
Tchekhovskoy et al. 2011; Tchekhovskoy & McKinney
2012; Yuan & Narayan 2014).
The emission spectrum of an ADAF is produced by
synchrotron, inverse Compton and bremsstrahlung radi-
ation of relativistic thermal electrons, and typically ex-
tends from radio frequencies up to hard X-rays (Narayan
4& Yi 1995). Like any disk emission, this radiation con-
stitutes a potential target for any magnetospheric VHE
γ-rays. For sufficiently small accretion rate m˙ the peak
energy s and the luminosity Ls of the soft photon field
become (Mahadevan 1997, viz. the synchrotron peak)
s ≈ 0.2 m˙3/4M−1/29 T 2e,9 eV, (2)
Ls ≈ 5× 1043 m˙9/4M1/29 T 7e,9 erg s−1, (3)
where Te,9 = Te/10
9 ≈ 5 is the characteristic electron
temperature which depends weakly on the accretion rate
m˙ (Mahadevan 1997) and the radial distance r at the
inner edge of the ADAF (Narayan & Yi 1995; Manmoto
et al. 1997). For simplicity, we thus fix the temperature
to Te,9 = 5 in all our following calculations. Correspond-
ingly, the soft photon number density can be expressed
as ns ' Ls/(2pir2scs) ≈ 4× 1019m˙3/2M−19 cm−3.
Accreting black hole systems are capable of ejecting
powerful jets. On average the maximum power of these
jets, Ljet, should be comparable to the available ac-
cretion power M˙c2 (e.g., Ghisellini et al. 2014). This
should also hold for ergospheric-driven (BZ) jets as the
magnetic flux carried onto the black hole is propor-
tional to M˙ (cf. eq. [1]). GRMHD simulations in fact
show that the jet power does not exceeds M˙c2 by more
than a factor of ∼ 3 (e.g., Tchekhovskoy et al. 2011).
Hence, on phenomenological grounds one could write
Ljet = ξM˙c
2 = ξLdisk/ηc = (ξ/ηc) m˙LEdd with ξ . 3.
This could be related to the electromagnetic extrac-
tion of rotational energy of the supermassive black hole
(Thorne et al. 1986). In the case of a rotating, force-free
black hole magnetosphere (i.e., efficient energy extrac-
tion) the maximum Blandford-Znajek (BZ) jet power is
given by
LBZ = Ω
F (ΩH − ΩF )B2⊥
r4H
c
= (ΩF )2B2⊥
r4H
c
(4)
=
1
16
a2scr
2
HB
2
⊥ ≈ 2× 1048 m˙M9
(
B⊥
Bd,h
)2
erg s−1,
where ΩH = as c/2rH is the black hole angular velocity,
ΩF = ΩH/2 is the angular velocity of the field lines in
the case of efficient extraction, and B⊥ ' Bd,h ' 2.3Bd
is the strength of the normal magnetic field component
threading the event horizon rH = rg (1 +
√
1− a2s) ∼ rg
(for as ∼ 1). This concurs with the considerations
above, LBZ = ξM˙c
2 . 4 × 1048m˙M9 erg/s, and sug-
gesting that the BZ jet power provides a useful measure
for M˙ and vice versa.
In general, magnetospheric VHE emission is perceived
as a sub-product of an universal operation. If com-
plete screening into the magnetosphere is not achieved
(E · B 6= 0), then particles, accelerated within the
gaps, are likely to emit multiple VHE radiation (e.g.,
Levinson 2000; Rieger 2011). Beyond an energy thresh-
old, the VHE photons are absorbed by the ambient
soft photon field producing secondary pairs. These will
again be accelerated, their radiation being accompanied
by further absorption/pair creation. In such a way, a
photon-electron cascade is triggered, that guarantees a
charge multiplicity such that force-freeness and MHD jet
launching is ensured. Below the energy threshold, VHE
photons can escape the black hole environment. Vari-
able VHE emission observed from under-luminous AGN
could thus signal the onset of relativistic jet formation
(Levinson & Rieger 2011).
2.2. Gap electric field and potential
A quasi-steady magnetospheric gap can be formed in
an under-dense environment (n < nGJ). We consider
in the following the gaps to be quasi-spherical, to be lo-
cated at radial distance Rgap close to rg, and to possess
a size or extension denoted by h. The voltage drop or
gap potential then scales with the gap size depending on
how the fields and boundaries are treated and different
description are thus encountered. As gaps are often ex-
pected to be thin (h rg), this could lead to substantial
differences.
2.2.1. Heuristic constraint
A heuristic constraint might be obtained from the
global electric field of a force-free magnetosphere, i.e.
E = −V/c×B in the high conductivity limit (σ →∞).
Although the electric vector changes in the gap and only
some part becomes parallel to the magnetic field lines,
one may assume that its strength remains comparable
in magnitude. Hence in order of magnitude, one could
write for the electric field of the gap Egap ≈ (V/c)Bgap ≈
(ΩFRgap/c)Bgap approximating sin θb by unity. We note
that this expression in principle assumes that charge
sheets or charge injection occurs just outside the gap
boundaries (cf. eq. [7] below). As this seems rather
unexpected, the inferred Egap should be considered as
providing a clear upper limit for possible realisations.
Noting Egap ∼ ∆Vgap/h, where ∆Vgap denotes the
voltage drop, and using ΩF ≈ ΩH/2 and ΩH = c/2rg,
one would obtain
∆Vgap ≈ 1
4
BgapRgap
(
h
rg
)
, (5)
i.e. a voltage drop ∝ h scaling linearly with h (cf. in
this context also Aharonian et al. 2017). Equation (5)
then represents a fiducial upper limit for the voltage
drop of the magnetospheric gap that can be tapped for
the acceleration of particles. For Bgap ' Bd,h ' 2.3Bd
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(eq. [1]) and Rgap ∼ rg this would give
∆Vgap ≈ 2.5× 1021m˙1/2M1/29
(
h
rg
)
Volts, (6)
noting that 1 Statvolt=300 Volts.
2.2.2. Physical estimation
Different scaling laws of the voltage drop with gap size
h are in fact present in the literature. The apparent dis-
crepancy can be related to different assumptions about
the expected gap boundary conditions (see e.g., Beskin
2009). In its simplest (one-dimensional, non-relativistic)
form the gap electric field along s in the presence of a
non-zero charge charge density ρe may be determined
from Gauss’ law
dE||
ds
= 4pi(ρe − ρGJ) , (7)
and the electrostatic potential from
dΦe
ds
= −E|| , (8)
so that the voltage drop becomes ∆Vgap = Φe(s = h)−
Φe(s = 0).
To specify the electric field an appropriate boundary
condition needs to be chosen. We may distinguish two
cases, i.e. a highly (case i) and a weakly (case ii) under-
dense one:
(i) Accordingly, case i can be characterized by ρe  ρGJ
and E||(s = 0) 6= 0, with the developing pair cascade
ensuring that the field gets screened at scale heigh h,
i.e. E||(s = h) = 0. Thus, dE||/ds ≈ −4piρGJ and
E|| ≈ −4piρGJ s+ const. (neglecting possible variations
ρGJ(s)), so that using E||(s = h) = 0 one can write
E||(s) = 4piρGJ(h− s) = 4piρGJh (h− s)
h
= E0
h− s
h
,
(9)
with maximum E||(s = 0) = E0 = 4piρGJ h. The voltage
or potential drop then becomes
∆Vgap=
∫ h
0
E||(s)ds = −4piρGJ h
2
2
= −2piρGJ h2
=−2piρGJ r2H
(
h
rH
)2
= Φ0
(
h
rH
)2
, (10)
where Φ0 ≡ −2piρGJr2H ' ΩF r2HB⊥/c = ΩHr2HB⊥/(2c),
with ρGJ ' −ΩFB⊥/(2pic), resulting in a scaling
∆Vgap ∝ h2 that is different to the one in eq. (5).
Such a scaling, ∝ h2, figures most promising in the gap
context (e.g., Blandford & Znajek 1977; Levinson 2000;
Levinson & Rieger 2011). We note that in this case some
continuous charge injection across the inner boundary
would be usually needed to keep the gap quasi-steady
lest it to become intermittent. One could speculate
that such a situation might arise close to the stagna-
tion surface with the disk or corona facilitating plasma
injection. Yet, given our limited understanding of the
global magnetospheric structure for accreting black hole
systems some caution needs to be exercised (see e.g.,
Contopoulos 2017). It seems thus useful to address this
problem also from another side, i.e., to employ observa-
tional constraints to evaluate the possible relevance of
different gap realisations, and this approach is pursued
below (Sec. 3).
(ii) A different dependence is, however, obtained for case
ii. Here, ρe ∼ ρGJ and hence E||(s = 0) ≈ 0 with the
cascade again ensuring that E||(s = h) = 0. Note that
even if initially ρe = ρGJ somewhere, deviations are ex-
pected as ρGJ ∝ cos θb varies along field lines. For non-
trivial E|| the chosen boundary condition can only be
satisfied if dE||/ds changes sign across the gap such that
the electric field takes on an extremal value at s = h/2
(assuming symmetry), i.e., dE||/ds = 0 at s = h/2,
which by Gauss’ law implies ρ(h/2) = ρGJ(h/2).
We can thus Taylor-expand the charge-density term
(ρe − ρGJ) ≡ ρeff around s = h/2 to give ρeff (s) =
ρeff (h/2)+
dρeff
ds |(h/2) (s−h/2) = dρeffds |(h/2) (s−h/2) ≡
ρ′eff (h/2) (s − h/2) noting that ρeff (h/2) = 0. Hence
we have dE||/ds = 4piρ′eff (s− h/2) implying
E||(s) = 4piρ′eff
(
1
2
s2 − h s
2
)
= −2piρ′effr2H
s (h− s)
r2H
.
(11)
In the case of the null surface we approximately have
(e.g., Hirotani & Pu 2016)
ρ′eff (h/2) ' −
ρGJ
rH
' Ω
FB⊥
(2picrH)
(12)
and hence
∆Vgap=
∫ h
0
E||(s)ds = 4piρ′eff
[
1
6
s3 − 1
4
hs2
]h
0
=−4piρ′eff
h3
12
= −1
3
piρ′effr
3
H
(
h
rH
)3
, (13)
implying a scaling ∝ h3 that is different from those pre-
viously discussed. It seems tempting to associate such a
case in the astrophysical context with the region close to
the null surface where the Goldreich-Julian charge den-
sity is expected to change sign. An analogous expression
has been recently employed for studying the luminos-
ity output of gaps in the AGN context (Hirotani & Pu
2016). The strength of case (ii) lies in the fact that it
seemingly provides for a transparent self-consistent re-
alisation of a quasi-steady gap (but cf. also Levinson &
Segev 2017, for caveats).
6To account for these differences and facilitate compar-
ison, we employ a parametric expression in the following,
i.e.
∆Vgap= 1
c
ηΩF r2HB⊥
(
h
rH
)ν
≈2.5× 1021η m˙1/2M1/29
(
h
rg
)ν
Volts , (14)
where the respective sets of numerical parameters η and
ν are listed in Table (1), and where Bgap ' Bd,h has
been assumed for the second expression on the right
hand side. Given the employed approximation (cf. case
ii), this expression formally applies to thin gaps, though
we only demand h ≤ rg in the following.
2.3. Particle acceleration and VHE radiation
A charged particle, injected into the magnetospheric
gap, will be strongly accelerated. Consider an electron
of energy Ee = γemec
2 experiencing the potential drop
of equation (14). Its rate of energy gain per unit time
is d(γemec
2)/dt = (c/rg)e∆Vgap (h/rg)−1, where γe is
the Lorentz factor of the electron, me is its rest mass
and c is the speed of light. This implies a characteristic
acceleration time scale τacc = Ee/(dEe/dt) of
τacc(γe) = 10
−12 m˙
−1/2
η
M
1/2
9 γe
(
h
rg
)1−ν
s . (15)
Electrons moving along field lines will, however, also
experience losses due to field line curvature (”curvature
radiation”) and inverse Compton scattering (e.g., Rieger
2011, for a review). Assuming that the curvature radius
is roughly equal to the gravitational one (i.e., Rcur ≈
rg), the cooling time scale due to curvature radiation
becomes
τcur(γe) ≈ 4× 1030M29 γ−3e s. (16)
The whole magnetosphere as well as the gap are em-
bedded in the ambient soft photon field of the disk (see
subsection 2.1). Electrons undergoing acceleration along
the field will thus also Compton up-scatter these soft
photons to multiple VHE energies where the occurrence
of γγ-absorption can lead to the formation of a pair cas-
cade (e.g., Levinson & Rieger 2011). To explore the
characteristic inverse Compton (IC) cooling time scale
we approximate the soft photon field as isotropic and
quasi-monoenergetic with s and Ls given by eqs. (2)
and (3). The IC electron cooling time scale then follows
(Aharonian & Atoyan 1981)
τic(γe) =
b2
3σT cns
[(
6 +
b
2
+
6
b
)
ln(1 + b)− ln2(1 + b)
−2 Li
(
1
1 + b
)
−
11
12b
3 + 8b2 + 13b+ 6
(1 + b)2
]−1
s,(17)
where Li(x) ≡ − ∫ 1
x
ln y/(1 − y)dy and b ≡ b(γe) =
4γes/(mec
2) ≈ 3 × 10−5m˙3/4γeM−1/29 is a non-
dimensional quantity.
An electron will quickly reach its terminal Lorentz fac-
tor at which energy gain is balanced by radiative losses.
Using appropriate values of m˙, M9, h, ν and equat-
ing the acceleration time with the cooling ones (i.e.,
τacc = τcur or/and τacc = τic), the maximum electron
Lorentz factor γmax can be explored. It is worth em-
phasising that both radiation processes will take place,
though the shortest one will impose the relevant con-
straint. Hence we may write γmax = min(γcur, γic),
where the maximum particle Lorentz factor due to cur-
vature is given by
γcur ≈ 4.5× 1010η1/4m˙1/8M3/89
(
h
rg
) ν−1
4
. (18)
In figure (1) the relevant time scales as a function
of electron Lorentz factor are shown for a characteris-
tic set of AGN parameters using the estimates in equa-
tions (15), (16) and (17). For the considered choice, IC
losses are weakened by Klein-Nishina effects and maxi-
mum particle energies for all considered voltage drops
are essentially constrained by curvature losses. Note
however, that for smaller gap sizes h/rg < 0.5, IC losses
will start to become of relevance and reduce achievable
electron energies, foremost for ν = 3 (i.e. β = 4).
Figure (1) suggests that maximum Lorentz factors of
γmax ∼ 1010 could in principle be reached. This in turn
implies that IC photons could reach multi-TeV energies,
ic = γemec
2 ≤ 104 TeV, while curvature emission could
extend into the TeV regime, cur = 3c~ γ3max/(2Rcur) ∼
0.2 (γmax/10
10)3/M9 TeV. Magnetospheric gaps in AGN
are thus putative VHE emitting sites. If proton injec-
tion into the gap would occur (e.g., via diffusion), with
Lorentz factors limited by curvature losses, it is in prin-
ciple conceivable that photo-meson (pγ) production in
the soft photon field of the disk might contribute to this.
2.4. Gap luminosity
The radiative output of the gap depends on the num-
ber density of particles, n± undergoing acceleration
and radiation in the gap. Gap closure will occur once
the effective charge density approaches the critical one,
|ρc| = e nc. This allows for an estimate of the maxi-
mum achievable VHE gap power Lgap given a voltage
or potential drop ∆Vgap,
Lgap ' ncVgap dEe
dt
' −|ρc|
e
(2pir2Hh)
e ∆Vgap c
h
, (19)
approximating the relevant gap volume, Vgap, by a half-
sphere of gap height h. The appropriate ρc or nc to be
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Table 1. Gap voltage and luminosity parameters
Exponent ν Coefficient η Coefficient β Reference
1 1 1 [1]
2 1 2 [2-4]
3 1/6 4 [5]
Note—Parameters η and ν for the voltage drop scaling ∆Vgap ∝ η (h/rH)ν as defined in equation (14) and the corresponding
maximum luminosity output Lgap ∝ LBZ (h/rH)β following equation (20). The first column specifies the power dependence
on h, the second and third the corresponding values for η and β respectively, and the fourth gives exemplary references, with
[1] = current work (reference limit), [2] Blandford & Znajek (1977), [3] Levinson (2000), [4] Levinson & Rieger (2011), [5]
Hirotani & Pu (2016).
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Figure 1. Characteristic time scales as a function of Lorentz factor γe for M9 = 5, m˙ = 10
−4, h/rg = 0.5. The solid blue
line and red curve represent the time scales for curvature and inverse Compton losses, respectively. The (rising) black lines
represent the acceleration time scales for the different gap potentials. The intersection points provide a measure of the achievable
maximum energies.
employed are dependent on the assumed gap set-up. For
the heuristic and under-dense cases (ν = 1 and ν = 2 as
delineated above, cf. eq. [14]), the critical value is typ-
ically comparable to the Goldreich-Julian density, i.e.
ρc = ρGJ ' −ΩFB⊥/(2pic) = −ΩHB⊥/(4pic). In the
weakly under-dense case (ν = 3), however, the appro-
priate value based on eq. (12) instead is ρc ' ρ′eff h '
ρGJ h/rH (e.g., Hirotani & Pu 2016). This results in
scaling for the gap power Lgap ∝ h4 with power index
increased by one compared to the respective potential
drop (eq. [13]), while the index remains the same for the
former cases.
Since Lgap ∝ (ΩF )2B2⊥ we can also express the respec-
tive gap luminosity in terms of the Blandford-Znajek jet
power, eq. (5). This gives
Lgap = η LBZ
(
h
rH
)β
. LBZ , (20)
where the respective sets of parameters are listed in Ta-
ble (1). For gap sizes h  rg then, the expected VHE
output is much smaller than the jet power.
2.5. Accretion environment
Independent of the preferred gap formation scenario,
to avoid external γγ-absorption of the gap-produced
8VHE gamma-rays and facilitate their escape from the
vicinity of a supermassive black hole, magnetospheric
models generally require an under-luminous or radia-
tively inefficient (RIAF) inner disk environment. For
suppose that the disk would be of an (un-truncated)
standard (geometrically thin, optically thick) type, for
which the effective surface temperature obeys (e.g.,
Frank, King & Raine 2002)
Teff(r) =
[
3GMM˙
8piσr3
(
1−
√
rin
r
)]1/4
= 3.5× 105
× m˙1/4M−1/49
(rs
r
)3/4(
1−
√
rin
r
)1/4
K ,(21)
with σ the Stefan Boltzmann constant. This profile
peaks at a temperature Tp ' 0.5 (3 GMM˙/8piσr3)1/4
close to the inner disk radius r ∼ rin ∼ rs and ex-
hibits the canonical r−3/4 dependence. For characteris-
tic AGN parameters, the peak of the thermal disk emis-
sion, carrying a power of order Ldisk = m˙LEdd, would
then be occurring at eV energies, i.e., p ' 2.8kTp '
40 m˙1/4M
−1/4
9 eV. This thermal disk radiation field
would then provide an ideal target for the absorption
of VHE photons producing pairs via γ γV HE → e+e−.
VHE photons of energy γ , in fact, interact most effi-
ciently with ambient soft photons of energy (e.g., Rieger
2011)
d ' 1
(
1 TeV
γ
)
eV . (22)
The corresponding optical depth is of order τγγ ∼
σγγnd r. With σγγ ' 0.2σT and nd ∼ Ld/4pir2cd,
approximating Ld ' Ldisk × (d/p)3 (Rayleigh-Jeans
limit) and r ∼ rs, this would be of the order of
τγγ ∼ 103 m˙1/4M3/49  1 , (23)
for VHE photons, i.e. greatly exceeding unity for con-
ventional AGN parameters (cf. also Zhang & Cheng
1997). Hence, even if the black hole magnetosphere
would produce VHE radiation via some gap mechanism,
most of it is expected to become absorbed unless the
disk would be of a radiatively inefficient (RIAF/ADAF)
type where Ld = LADAF  Ldisk and the dominant
part is emitted at energies much below 1 eV, cf. eq. (2).
Very low accretion rates, or conservatively, the pres-
ence of a RIAF or ADAF thus becomes a necessary (yet
not in itself sufficient) condition for the detectability of
magnetospheric VHE emission in AGN. An ADAF-type
(optically-thin) accretion flow with H ∼ r could also en-
sure the necessary poloidal magnetic field strength for
efficient BZ power extraction (e.g., Livio et al. 1999;
Meier 2001).
3. APPLICATION
Gap-driven magnetospheric emission processes have
been suggested as a potential generator of the highly
variable VHE radiation seen from misaligned, non-
blazar AGNs (e.g., Neronov & Aharonian 2007; Levin-
son & Rieger 2011; Aleksic´ et al. 2014a; Vincent 2015;
Ptitsyna & Neronov 2016; Hirotani & Pu 2016). In this
section, we seek to assess the potential of such scenarios
on quite general grounds, putting the relevant variabil-
ity, transparency and power constraints in context.
First, VHE flux variability on short timescales ∆t will
limit the size of the putative gap to h . c∆t. We gener-
ally expect h to not exceed rg if efficient pair cascade for-
mation occurs. VHE flux variability thus imposes a limit
on the extractable gap power as Lgap ∝ LBZ(h/rg)β , see
eq. (20). On the other hand, to ensure transparency, i.e.
for magnetospheric VHE emission to become observ-
able, a radiatively inefficient disk (ADAF) environment
is required (see subsection 2.5). This requires the ac-
cretion rate to satisfy m˙ . m˙c and in turn leads to a
constraint on the average jet power Ljet ∼ LBZ ∝ m˙,
cf. eq. (5). Though a variety of values for m˙c have been
reported, m˙c ∼ 0.01 appears to be a representative up-
per limit (e.g., Yuan & Narayan 2014). Following this
line of reasoning and assuming a rapidly spinning black
hole, the constraints on the gap size and accretion rate
thus translate into a characteristic upper-limit on the
extractable VHE gap power of
LV HEgap .2× 1046 η
(
m˙c
0.01
) (
MBH
109M
)
× min
{(
c∆t
rg
)β
, 1
}
erg s−1 . (24)
We note that this expression provides a quite general
constraint and does not as yet presuppose a specific
mechanism for pair injection. Under quasi-steady cir-
cumstances and provided that the flow is hot enough
(kTe/mec
2 ∼ 1), annihilation of MeV bremsstrahlung
photons could well lead to a charge density in excess of
ρGJ before m˙ approaches the critical value m˙c (Levinson
& Rieger 2011). This would then introduce a further
constraint on m˙ as to the possible existence of a gap.
For typical two-temperature models Te & 100 keV is ex-
pected (Yuan & Narayan 2014). However, uncertainties
in the electron temperature Te caused by uncertainties
in the electron heating parameters (in particular con-
cerning the viscous dissipation that heats the electrons)
along with flow intermittencies can introduce significant
uncertainties in the pair production rate. At low ac-
cretion rates, early results, for example, suggested that
Te ∝ m˙−q with 0 . q . 0.2 (e.g., Mahadevan 1997; Esin
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et al. 1997), leading to some further ambiguity concern-
ing pair processes. Note that the scaling in equation (24)
formally applies to small h/rg and that we have used
h ∼ rg for a representative upper limit. In principle
a full general relativity model (e.g., Levinson & Segev
2017) would be needed to self-consistently evaluate pos-
sible gap widths.
In Fig. (2), the product P = 10−48LgapM−19 (h/rg)
−β
with h ≤ rg, which provides a normalized measure of
the maximum gap power for a given black hole mass
and gap size, is shown as function of accretion rate (or
correspondingly, magnetic field strength threading the
horizon, B ∝ m˙1/2, cf. eq. (1). The case of a highly (η =
1) and weakly (η = 1/6) under-dense gap are given by
the dotted and dash-dotted line, respectively. Observed
VHE gamma-ray powers that are above these lines are
unlikely to originate in (quasi steady) magnetospheric
gaps. Both lines preserve their meaning for accretion
rate lower than the critical one. These considerations are
applied in the following to the most prominent candidate
sources.
3.1. M87
The Virgo Cluster radio galaxy M87 (NGC 4486),
located at a distance of d ' 16.7 Mpc (Mei et al.
2007) and believed to harbour a black hole of mass
MBH = (2 − 6) × 109M, has been the first extra-
galactic source detected at VHE energies (Aharonian et
al. 2003). Given its proximity, M87 has been a prime
target to probe scenarios for the formation of relativis-
tic jets with high-resolution radio observations explor-
ing scales down to some tens of rg and much effort has
been recently dedicated into this direction (e.g., Acciari
et al. 2009; Doeleman et al. 2012; Hada et al. 2014,
2016; Kino et al. 2015; Akiyama et al. 2015, 2017). At
VHE energies, M87 has revealed at least three active
γ-ray episodes during which day-scale flux variability
(i.e., h = c∆τobs ∼ rg) has been observed (Aharo-
nian et al. 2006; Albert et al. 2008; Acciari et al. 2009;
Abramowski et al. 2012; Aliu et al. 2012). The VHE
spectrum is compatible with a relatively hard power-
law (photon index ∼ 2.2) extending from 300 GeV to
beyond 10 TeV, while the corresponding TeV output is
relatively moderate, with an isotropic equivalent lumi-
nosity of LV HE ' (3 − 10) × 1040 erg s−1. The inner,
pc-scale jet in M87 is considered to be misaligned by
i ∼ (15 − 25)◦, resulting in modest Doppler boosting
of its jet emission and creating challenges for conven-
tional jet models to account for the observed VHE char-
acteristics (see e.g., Rieger & Aharonian 2012, for re-
view and references). Gap-type emission models offer
a promising alternative and different realisations have
been proposed in the literature (e.g., Neronov & Aharo-
nian 2007; Levinson & Rieger 2011; Vincent 2015; Brod-
erick & Tchekhovskoy 2015; Ptitsyna & Neronov 2016).
M87 is overall highly under-luminous with characteristic
estimates for its total nuclear (disk and jet) bolometric
luminosity not exceeding Lbol ' 1042 erg s−1 by much
(e.g., Owen et al. 2000; Whysong & Antonucci 2004;
Prieto et al. 2016), suggesting that accretion onto its
black hole indeed occurs in a non-standard, advective-
dominated (ADAF) mode characterized by an intrinsi-
cally low radiative efficiency (e.g., Di Matteo et al. 2003;
Nemmen et al. 2014), with inferred accretion rates pos-
sibly ranging up to m˙ ∼ 10−4  m˙c (e.g., Levinson &
Rieger 2011) and black hole spin parameter close to its
maximum one (e.g., Feng & Wu 2017). For these values
of the accretion rate, the soft photon field, cf. eqs. (2)
and (3), is sufficiently sparse, so that the maximum
Lorentz factor γe ∼ 1010 of the magnetospheric particles
is essentially determined by the curvature mechanism.
The observed VHE variability is in principle compati-
ble with h ∼ rg, so that the different dependence of the
gap power on β, eq. (20), does not necessarily (in the
absence of other, intrinsic gap closure considerations)
imply a strong difference in the extractable gap powers.
Fig. (2) shows a representative point for M87 (taking
β = 1). The observed VHE luminosity of M87 is some
orders of magnitudes lower than the maximum possi-
ble gap power (given by the dotted line) and within the
bound imposed by ADAF considerations (vertical line).
The observed VHE flaring events thus appear consis-
tent with a magnetospheric origin. VLBI observations
of (delayed) radio core flux enhancements indeed provide
support for the proposal that the variable VHE emission
in M87 originates at the jet base very near to the black
hole (e.g., Acciari et al. 2009; Beilicke et al. 2012; Hada
et al. 2012, 2014).
3.2. IC 310
The Perseus Cluster galaxy IC310 (J0316+4119) has
revealed remarkable VHE variability during a strong
flare in November 2012, exhibiting VHE flux variations
on timescales as short as ∆t ' 5 min (Aleksic´ et al.
2014a). IC310 is located at a distance of d ∼ 80 Mpc
(z=0.019) and widely believed to harbour a black hole
of mass MBH ' 3 × 108M (Aleksic´ et al. 2014a, but
cf. also Berton et al. (2015) for a ten times smaller
estimate). The flare spectrum in the energy range 70
GeV to 8.3 TeV appears compatible with a hard power
law of photon index Γ ' 2 and does not show indica-
tions for internal absorption. The observed VHE fluxes
can reach levels corresponding to an isotropic-equivalent
luminosity of LV HE ' 2 × 1044 erg s−1. A variety of
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considerations based on the orientation of the jet in
IC310 (probably i ∼ 10 − 20◦), on kinetic jet power
and timing constraints has led Aleksic´ et al. (2014a)
to disfavour alternative proposals for fast VHE vari-
ability, such as jet-star interaction (e.g., Barkov et al.
2012) or magnetic reconnection (e.g. Giannios 2013).
Detailed investigation, however, suggests that this does
not have to be the case (cf. Aharonian et al. 2017, for
details). Nevertheless, the fact that the VHE flux varies
on timescales ∆t much shorter than the light travel time
across black hole horizon scales, rg(3× 108M)/c = 25
min, has been interpreted as evidence for the occurrence
of gap-type particle acceleration on sub-horizon scales,
i.e. of gap height h ' 0.2rg (e.g., Aleksic´ et al. 2014a;
Hirotani & Pu 2016). To sustain a steady, isotropic
equivalent luminosity of Lbol ∼ 1044 erg s−1, the aver-
age jet power should satisfy Lj & 1042 (θj/0.3 rad)2
erg s−1 (cf. also, Sijbring & de Bruyn 1998; Ahnen
et al. 2017), where θj denotes the jet opening angle,
suggesting that typical accretion rates should exceed
m˙ & 10−5M−18 (where M8 = MBH/108M). Taking
such a jet power as a reference, the expected gap emis-
sion would strongly under-predict the required VHE lu-
minosity, see eq. (20). As LV HEgap ∝ B2 the gap would
need to be temporarily threaded by much higher mag-
netic fields, and accordingly require much higher accre-
tion rates, cf. eq. (1). If h ∼ rg accretion rates of
the order of m˙ ∼ 10−3 might seemingly be sufficient.
The variability constraint h ∼ 0.2rg, however, implies
that LV HEgap . 6 × 1045η (m˙c/0.01) (0.2)β erg s−1, see
eq. (24). This results in LV HEgap . 2 × 1044 erg s−1 for
the β = 2 with η = 1, and LV HEgap . 1042 erg s−1 as-
suming β = 4 with η = 1/6, see table 1. In Fig. (2),
two representative points (i.e., for β = 1 and β = 4)
illustrating the range for IC310 are shown. While the
case with β = 2 may appear marginally possible, we
note that for accretion rates approaching m˙c the exis-
tence of a gap is not guaranteed. In fact, annihilation
of ADAF bremsstrahlung photons is likely to lead to
an injection of pairs in excess of the Goldreich-Julian
density, n±/nGJ ∼ 3 × 1012m˙7/2 (Levinson & Rieger
2011, eq. (8)), suggesting that rates m˙ . 3 × 10−4 are
needed to avoid gap closure. Even for the most opti-
mistic case (β = 1), the maximum gap power, eq. (24),
is then not expected to exceed LV HEgap ∼ 4×1043 erg s−1.
We note that this concurs with a similar estimate in
Aharonian et al. (2017). This would imply that the
noted VHE flaring event cannot be of a gap-type mag-
netospheric origin independent of the assumed power
index β. A putative way out could be to assume an
inner electron temperature kTe/(mec
2) < 1 such that
bremsstrahlung emission would be suppressed at MeV
energies thereby possibly relaxing the pair-injection con-
straint on m˙. Whether this is feasible in the case of
IC310 would need detailed disk modelling. But beside
of this, the apparently huge magnetic fields required to
thread the gap (Bd,h ∼ 2× 105 G in the case of β = 4)
would suggest a temporary increase in accretion rate in
excess of m˙c required for the existence of an ADAF.
This, then, would make it again unlikely that magne-
tospheric VHE emission from IC310 should become ob-
servable, see Sec. 2.5. The situation might, however, be
more complex as unsteady accretion and strong inter-
mittency could be occurring. In the case of IC310 the
∼ 5 min flare event detected during 3.7 hrs of MAGIC
observations in the night November 12-13, 2012, how-
ever, seems part of a higher source state, probably (con-
sidering earlier 2009/10 results) of day-scale duration td
(Aleksic´ et al. 2014a; Aleksic´ et al. 2014b; Ahnen et al.
2017). If one takes the timescale tth for re-adjustment
of thermal equilibrium as characteristic measure, tth ∼
tdyn/αv ∼ 1/(αv Ωk) ∼ α−1v (r/rg)3/2 rg/c ∼ 4 (r/rg)3/2
hr . td, then this could be occurring sufficiently fast to
ensure re-adjustment of the innermost disk parts. An-
other situation would be arising if the black hole mass
in IC310 would indeed be smaller by an order of mag-
nitude, i.e. MBH ∼ 3× 107M, as suggested by Berton
et al. (2015). The observed rapid VHE variability of
∆t ∼ 5 min would then only imply h ∼ rg, such that
the different dependence on β, e.g. eq. (24), would not
make a significant difference. The limit introduced by
eq. (24) would then suggest that the observed VHE out-
put might be formally achieved (assuming m˙ ∼ 0.01).
However, for such a rate and given the small black hole
mass, eq. (2) would imply a synchrotron peak around
s ∼ 1 eV with associated power Ls such, that the VHE
photons are unlikely to escape absorption. In summary,
though one could speculate that on rg-scales the ac-
cretion flow evolves in a highly turbulent way, thereby
changing its radiative characteristics, a gap-driven mag-
netospheric origin for the recent VHE flaring event in
IC310 appears to be disfavoured unless its black hole
mass and accretion state would be highly different.
4. CONCLUSION
Gap-driven magnetospheric gamma-ray emission from
rotating supermassive black holes is a potential candi-
date for the origin of the highly variable VHE emission
seen in some AGN (e.g., Rieger 2011, for review). The
presence of strong, unscreened parallel electric field com-
ponents on black hole horizon scales ∼ rg could easily
facilitate efficient particle acceleration, with the accom-
panying curvature and inverse Compton processes re-
sulting in appreciable emission at gamma-ray energies.
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Figure 2. Characteristic maximum power of a magnetospheric gap as a function of accretion rate m˙. The dotted and dash-
dotted lines represent the maximum for η = 1 and η = 1/6, respectively. Observed gamma-ray powers below these limiting lines
could in principle be produced by magnetospheric gaps.
The efficiency and extractable power, however, depend
on details of the gap set-up and different realizations are
in principle conceivable and encountered in the litera-
ture. The present work explores possible implications of
this by means of a simple phenomenological description
that though heuristic, recovers the relevant dependen-
cies. Accordingly, the maximum extractable gap power
is in general proportional to the classical Blandford-
Znajek jet power, LBZ ∝ m˙MBH , and a function of
the gap height h, Lgap ∼ LBZ (h/rg)β , where the power
index β is dependent on the respective gap-setup (cf. Ta-
ble 1). In order for this emission to become observable,
VHE photons need to be able to escape the accretion
environment of the black hole. Transparency to γγ-pair
production in fact requires an under-luminous or radia-
tively inefficient environment (RIAF/ADAF), and this
introduces a relevant constraint on possible accretion
rates of m˙ . 0.01. While for a fixed background a larger
black hole mass (size) could be conducive to dilution
of the soft photon field (facilitating VHE transparency)
and increase LBZ , the detection of rapid gamma-ray
variability with c∆t ∼ h < rg reduces the maximum
gap power LV HEgap ∝ M1−βBH (for β > 1) and diminish
the VHE prospects for source detection. When put in
the context of current observations, these considerations
suggest that the variable (day-scale) VHE activity seen
in the radio galaxy M87 (MBH ' [2− 6]× 109M) may
be compatible with a magnetospheric origin, while such
an origin seems less likely for the (minute-scale) VHE
activity in IC310 (assuming MBH ' 3× 108M).
Our analysis implies that variability information will be
crucial to get deeper insights into the physics of the
putative gaps, to probe different potential scalings and
to generally assess the plausibility of a magnetospheric
origin. On average, however, (quasi steady) magneto-
spheric VHE gamma-ray emission in AGN is expected
to be of rather moderate luminosity when compared to
the strongly Doppler-boosted jet emission from blazars.
The jet usually needs to be sufficiently misaligned for
the gap emission not to be masked by Doppler-boosted
jet emission, making nearby misaligned AGN the most
promising source targets. The possible impact of inter-
mittencies in the gap formation process (e.g., Levinson
& Segev 2017) on the VHE characteristics could be of
particular interest in this regard. The increase in sen-
sitivity with the upcoming CTA instrument will allow
to probe variability timescales < rg/c for a number of
these sources, and thereby allow a better census of mag-
netospheric gamma-ray emitter.
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